Complexes of the oxa-thia macrocycles [18] 
Introduction
The coordination chemistry of the trivalent lanthanides is characterised by an affinity for small hard donor ligands -preferably charged anions such as F − , O 2− , OH − , OR − or NO 3 − , or polydentate nitrogen or oxygen donor ligands. 1 The bonding is usually described as predominantly ionic or highly polar iondipole in nature, the complexes often have high coordination numbers reflecting the large ion size (ionic radii in 6-coordination La 3+ 1.22 Å-Lu 3+ 0.85 Å) and are labile in solution.
Yttrium(III) chemistry closely resembles that of the later lanthanides, not least due to its similar ionic radius (1.04 Å). Scandium is also exclusively trivalent, but smaller (Sc 3+ 0.74 Å), and thus often favours a lower coordination number. The structural chemistry of lanthanide ‡-crown ether complexes has been summarised in review articles. 1, 2 Typically the crown is coordinated to the lanthanide by all of the O-donors, with additional coordination of anions, water or donor solvent completing high (commonly eight-or nine-) coordination. Representative examples of crown ether complexes are Sc, 3,4 Y, [5] [6] [7] La-Lu. [7] [8] [9] [10] [11] Examples with softer donors are rare, and although
Ln-S or Ln-Se bonds are known, they are almost all of anionic thiolate (SR donor set. 15 A few related complexes of [18] aneO 4 S 2 and of [18] aneO 2 S 4 (1,10-dioxa-4,7,13,16-tetrathiacyclooctadecane) have been described but with little data and they lack X-ray crystallographic authentication. 15 We have recently reported complexes of thia-oxa and selena-oxa macrocycles with p-block metals and metalloids, including Pb(II), 16 Sb(III), 17 or Ge(II) 18 and notably, some s-block complexes of Ca(II) and Sr(II). 19 Under rigorously anhydrous conditions, reaction of MI 2 with the ligands [18] 3 ]I 2 . These results suggested that thia-oxa and selena-oxa macrocycles may support a range of coordination environments on other hard metal centres, and thus we have explored reactions of some lanthanide halides (and also yttrium and scandium halides), and report here the key results. Studies of selected crown ether analogues are also reported for comparison purposes.
In this work, anhydrous lanthanide iodides were generally used in preference to the corresponding chlorides due to their higher solubility in weakly coordinating solvents like MeCN, which mainly reflects the lower lattice energies of MI 3 compared to the lighter halides. In the scandium and yttrium systems, cationic chloride species generated using FeCl 3 as a chloride abstractor were also prepared.
Experimental
All reactions were carried out using standard Schlenk and vacuum line techniques. Samples were handled and stored in a glove-box and under a dry dinitrogen atmosphere. Dichloromethane and acetonitrile were distilled over CaH 2 and diethyl ether from sodium benzophenone ketyl. Anhydrous LaCl 3 was prepared by refluxing the heptahydrate in freshly distilled thionyl chloride, followed by removing the excess thionyl chloride in vacuo. La(OTf ) 3 and ScI 3 were obtained from Aldrich and used as received. Anhydrous MCl 3 (M = Sc, Y) and M′I 3 (M′ = Y, La, Lu) were obtained from Alfa, and NdI 3 from Strem, and used as received. [Sc(THF) 3 
X-ray crystallography
Summary details of the crystallographic data collection and refinement are given in the ESI. † Crystals were obtained as described above. Data collection used a Rigaku AFC12 goniometer equipped with an enhanced sensitivity (HG) Saturn724+ detector mounted at the window of an FR-E+ SuperBright molybdenum rotating anode generator with VHF Varimax optics (100 μm focus) with the crystal held at 100 K (N 2 cryostream). Structure solution and refinement were straightforward, 24 4 S 2 )] -Disorder was evident in the crown backbone at C(3) and C(4), which was satisfactorily modelled as two sites C3A,C3B and C4A,C4B, with refined occupancies of 60% : 40%. In [LaI 3 (15-crown-5) ]·MeCN the molecule has mirror symmetry and carbon atoms C1, C4 and C5 are disordered over two sites (A/B) which was satisfactorily modelled.
[Lu(MeCN) 2 (18-crown-6)I]I 2 -The crystal quality was rather poor with large Q peaks near to Lu and I, hence while the structure confirms the connectivities, detailed comparisons of bond distances etc. should be treated with caution. In [LuI 2 ([18] aneO 4 Se 2 )]I·2MeCN disorder at C2 and C5 was modelled as two sites (A/B) and it was necessary to 'split' C1 and C6, which were refined as C1/C1B and C6/C6B (both pairs with the same coordinates and same U ij ) to add H atoms. Some slight disorder of the carbon backbone was apparent in the structure of [ScI 2 ([18] aneO 4 S 2 )]I·MeCN, and two C atoms were modelled as disorder over two sites.
CCDC reference numbers 940218-940229 contain crystallographic data in cif format. and a broad feature at ∼324 cm −1 assigned to ν(ScCl), support the formulation. A solution in CD 3 CN at ambient temperature rapidly darkens and deposits black tellurium, but from a solution made at 240 K and run immediately it was possible to obtain the 1 H NMR spectrum, which showed very broad 19 The scandium system seems to be a borderline case, in that a complex precipitates from the concentrated synthesis solution, but decomposes quite rapidly in dilute solution at ambient temperatures.
Results and discussion

Scandium
Yttrium
Obtaining pure complexes of the macrocycles using YCl 3 in anhydrous MeCN proved to very difficult, products usually being contaminated with the poorly soluble YCl 3 . However, the 18-crown-6 complex was prepared in this way and crystals were formed directly from the reaction mixture. Structure solution showed these to be [YCl 2 (18- Fig. 3 and 4) . Y has a low resonance frequency and long T 1 's which combine to make it an insensitive nucleus and difficult to observe. In the present complex, dynamic processes would account for the absence of an 89 Y resonance at ambient temperatures, and the solubility is too poor to obtain a low temperature spectrum. 4 Se 2 ) usually exhibit high frequency coordination shifts, but with p-block metals and some early transition metals the coordination shifts are erratic, both high and low frequency shifts being observed in different systems.
12,33
Lanthanum and lutetium
The complexes formed by 15-crown-5 and 18-crown-6 with LaI 3 and LuI 3 were prepared to provide comparison data for the thia-oxa and selena-oxa macrocycle systems. The syntheses involving reaction of MI 3 with the crown in anhydrous MeCN were straightforward (ESI †) and whilst the spectroscopic data were consistent with the formulations, it was necessary to obtain structures to confirm the coordination geometries present. The complexes are very moisture sensitive, especially in solution, and water easily enters the coordination sphere, usually displacing iodide in the process. The structure of [LaI 3 (15-crown-5)] (Fig. 6) shows a neutral, eight-coordinate lanthanum, with some of methylene groups of the backbone disordered over two sites. The [LaI 3 (18-crown-6) ] was isolated by reaction of LaI 3 and the crown in CH 2 Cl 2 , but crystals grown from an MeCN solution were found to be [LaI 2 (18-crown-6)(MeCN)]I·nMeCN (Fig. 7) again showing the ease with which the iodide is displaced. The Ce and Nd analogues [MI 3 (18-crown-6) ] were also isolated, along with crystals of the isomorphous complex [CeI 2 (18-crown-6)(MeCN)]I·0.5MeCN and are described in the ESI. † If the reaction of LaI 3 and 18-crown-6 is conducted in MeCN solution in the presence of [NH 4 ]PF 6 , the product is [LaI 2 (18-crown-6)]PF 6 . Lanthanum easily switches between eight-and nine-coordination depending upon the ligand set and the conditions. We also carried out conductivity measurements of several [MI 3 (crown)] complexes in 10 −3 mol dm
MeCN and found the values (Experimental section) were much higher than expected for 1 : 1 electrolytes, showing that in the (Fig. 8 ) the two nitrile ligands arranged on one side and the iodide on the other side of the puckered macrocycle ring. Comparisons of the bond lengths from the structures in Fig. 7 and 8 4 Se 2 )] are isomorphous and contain nine-coordinate lanthanum centres with the metal endo-coordinated to all six donors of the puckered ring and with two iodides above and one below the plane (Fig. 10 and 11) . The La-O and La-I bond distances are not significantly different between the two structures, but interestingly the La-S and La-Se differ only by ∼0.01 Å, compared to the differences in covalent radii of the chalcogens of 0.015 Å. 35 Whilst this could be seen as evidence of stronger interaction with the selenium donors, this seems unlikely and a possible explanation is that the constraints of the macrocycle ring play a significant role in the M-S/Se bond lengths. The (Fig. 13) .
Conclusions
A series of oxa-thia and oxa-selena macrocycle complexes of trivalent Sc, Y, La and Lu have been prepared and characterised spectroscopically and in many cases by X-ray crystallography.
The new complexes contain rare examples of these hard metal ions coordinated to neutral sulfur donor centres, and include the first examples of coordination with neutral selenium donor groups. All contain endo-coordinated macrocycles with all of the neutral donors bonded to the metal centres. The use of the MI 3 (M = Sc, Y, La or Lu) for preparing complexes of this type offers considerable benefits in solubility over the corresponding chlorides, allowing direct reaction of MI 3 with the macrocycle (not possible with MCl 3 and the heterocrowns), although the resulting iodo-complexes are extremely moisture sensitive. The data on the crown ether complexes show that the coordinated halides are readily displaced by traces of water 
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and, in some cases, partially by MeCN. More significantly, in the oxa-thia and oxa-seleno crown complexes, similar displacement of halide occurs, while the M-S(Se) coordination is retained. The high coordination numbers and the irregular coordination geometries adopted, mean that detailed comparisons of the structural data must be made with care, but overall it is clear that the flexibility of the ligands allows them to fit well to the range of metal ions studied (r M 3+ = 0.74-1.22 Å);
indeed there is evidence in the Sc systems that the larger sulfur donor atoms allow less strained coordination in the 18-membered rings than in the crown ether analogue. Comparison of the M-O and M-S distances show the latter are longer by an amount approximating to the increase in covalent radius 35 of the donor, which shows the M-S interactions, even on these hard metals, are significant. However, as noted above, the further increase in metal-donor bond lengths on going to M-Se is rather less than expected. Although the strength of the bonds to soft metal centres increases down Group 16 (i.e. S < Se), 33 this seems unlikely to be the case with the hard M 3+ cations, and the observed effect probably reflects the mutual accommodation of the donors within the constraints of the macrocycle ring. The 1 H NMR spectra of the complexes in solution at ambient temperatures show resonances broadened to varying degrees and without resolved couplings, indicative of dynamic processes. However, use of 77 Se NMR spectroscopy to study the selena-oxa crown complexes both with and without added macrocycle, show that ligand exchange between coordinated and 'free' macrocycle is slow on the NMR timescale, hence the dynamic processes seen in the 1 H NMR spectra would seem to be due to reversible dissociation of single donor centres, rather than intermolecular ligand exchange. The stability of the thia-oxa and selena-oxa macrocyclic complexes raises the prospect that complexes of macrocycles with higher chalcogen content, or even of homoleptic large thia-or selena-crowns, may be obtainable under appropriate anhydrous conditions and using the MI 3 or MCl 3 + chloride abstractor synthon strategy, and this will form the basis of a further study.
